This paper is Part II of a parametric study on CFJ airfoils. In the first part of the paper, the CFJ airfoil suction surface shape is modified to reduce or overcome the nose-down moment. In the second part of the paper, the injection and suction sizes and C µ are varied to increase the CFJ airfoil thrust generation. For both parts, the resulting effects on the lift, drag, moment and energy consumption is analyzed. The two dimensional flow is simulated using steady and unsteady Reynolds Average Navier-Stokes (RANS). A 5th order WENO scheme for the inviscid flux, a 4th order central differencing model for the viscous terms and the one equation SpalartAllmaras model for the turbulence are used to resolve the flow. The Mach number is 0.15 and Reynolds number is 6.4 × 10 6 . The nose-down moment of the CFJ airfoils was successfully reduced with the use of reflex camber while negative drag was achieved with a thinner airfoil, and a reduced injection size. Increasing C µ further reduces the drag, but at the cost of a much higher energy consumption and reduced corrected aerodynamic efficiency. The minimum drag achieved is C D = −0.033 and the highest moment achieved is C M = 0.031.
Introduction
A high performance airfoil should have a combination of high maximum lift, high cruise L/D and relatively low nose-down moment for stability. To enhance the maximum lift the use of flaps and slats are often necessary. The NACA 23021 airfoil with two different flap configurations have been experimentally studied by T. A. Harris in [1] . The maximum C L achieved by the slotted flapped airfoil with a large flap deflection is 2.49. However the very high C D of 0.17 and C M of -0.37 render this performance point unusable in practice. A more reasonable flap deflection angle achieved a maximum C L of 2.0 with an associated C D of 0.045 and C M of -0.39 for the best configuration. The flapped configuration suffers from an important drag and nose-down moment that reduces the airfoil aerodynamic efficiency and requires important tail force to balance, further reducing the airplane efficiency. In addition, those devices introduce a significant weight penalty and complexity in the wing structure.
Recently, a zero-net mass-flux(ZNMF) co-flow jet (CFJ) flow control airfoil developed by Zha et al. [2, 3, 4, 5, 6, 7, 8, 9, 10] based on fluidic actuators is demonstrated to achieve radical lift augmentation, stall margin increase, drag reduction and moderate nose-down moment for stationary and pitching airfoils. In the CFJ airfoil concept an injection slot near the leading edge (LE) and a suction slot near the trailing edge (TE) on the airfoil suction surface are created as sketched in Fig. 1 . A small mass flow is withdrawn into the airfoil near the TE, pressurized and energized by a pumping system inside the airfoil, and then injected near the LE tangentially to the main flow. The whole process does not add any mass flow to the system and hence is a ZNMF flow control. The energy expenditure is low [3, 8, 9] and the implementation is straightforward.
The Part I of the parametric study [11] focused on the energy consumption and corrected aerodynamic efficiency via a trade study performed for a NACA 23121 CFJ airfoil on the injection and suction location and size, AoA, C µ , airfoil thickness and Reynolds number. The distinguishing feature of CFJ airfoil from conventional non-controlled airfoil is that CFJ airfoil gain the efficiency benefit at high C L range, where the conventional non-controlled airfoil can not reach due to stall. The injection location and the AoA are found to be the influential parameters. The pitch-down moment and energy consumption are decreased by using an upstream suction location while the more downstream location benefit the lift and drag. The energy consumption is decreased with the increasing AoA and reaches a minimum of P c = 0.033 at AoA = 25 • for a suction location of 40% chord and C µ = 0.16. For the same C µ , the maximum lift coefficient is 2.91 at AoA = 32.5 • and the minimum drag coefficient is 0.003 at AoA = 0.0 • .
This Part II parametric study, focuses on the nose-down moment and drag reduction of CFJ airfoils. The NACA 23121, NACA 34121 and NACA 6321 CFJ airfoils, are modified to reduce the nose-down moment. Then the NACA23112 identified in the PART I trade study as the best candidate to achieve negative drag and high efficiency is investigated for various C µ and injection sizes.
CFJ Parameters
This section will introduce the definitions of several parameters that are important for CFJ airfoil performance.
Lift and Drag Calculation
The momentum and pressure at the injection and suction slots produce a reactionary force, which is automatically measured by the force balance in wind tunnel testing. However, for CFD simulation, the full reactionary force needs to be included. Using control volume analysis, the reactionary force can be calculated using the flow parameters at the injection and suction slot opening surfaces. Zha et al. [3] give the following formulations to calculate the lift and drag due to the jet reactionary force for a CFD simulation. By considering the effects of injection and suction jets on the CFJ airfoil, the expressions for these reactionary forces are given as :
where the subscripts 1 and 2 stand for the injection and suction respectively, and θ 1 and θ 2 are the angles between the injection and suction slot's surface and a line normal to the airfoil chord. α is the angle of attack.
The total lift and drag on the airfoil can then be expressed as:
where R ′ x and R ′ y are the surface integral of pressure and shear stress in x (drag) and y (lift) direction excluding the internal ducts of injection and suction. For the CFD simulation, the total lift and drag are calculated using Eqs.(3) and (4).
Jet Momentum Coefficient
The jet momentum coefficient C µ is a parameter used to quantify the jet intensity. It is defined as :
whereṁ is the injection mass flow, V j the injection velocity, ρ ∞ and V ∞ denote the free stream density and velocity, and S is the planform area.
Power Coefficient
The CFJ can be implemented by mounting a pumping system inside the wing that withdraws air from the suction slot and blows it into the injection slot. The power consumption can be determined by the jet mass flow and total enthalpy change as the following :
where H t1 and H t2 are the total enthalpy in the injection cavity and suction cavity respectively, P is the Power required by the pump andṁ the jet mass flow rate. Introducing the pump efficiency η and total pressure ratio of the pump Γ =
, the power consumption can be expressed as :
The power consumption can be expressed as a power coefficient below:
Corrected Aerodynamic Efficiency
The conventional airfoil aerodynamic efficiency is defined as :
For the CFJ airfoil, this ratio still represents the aerodynamic efficiency in the sense of pure aerodynamic forces. However since CFJ active flow control consumes energy, the CFJ corrected aerodynamic efficiency is modified to take into account the energy consumption of the pump. The formulation of the corrected aerodynamic efficiency for CFJ airfoils is :
where V ∞ is the free stream velocity, P is the pumping power, and L and D are the lift and drag generated by the CFJ airfoil. This formulation converts the power consumed by the CFJ into the drag of the airfoil. If the pumping power is set to 0, this formulation returns to the formulation of a conventional airfoil.
CFD Simulation Setup

CFD Code
The FASIP (Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical simulation. The 2D Reynolds averaged Navier-Stokes (RANS) equations with one-equation Spalart-Allmaras [12] turbulence model is used. A 5th order WENO scheme for the inviscid flux [13, 14, 15, 16, 17, 18] and a 4th order central differencing for the viscous terms [13, 17] are employed to discretize the Navier-Stokes equations. The low diffusion E-CUSP scheme used as the approximate Riemann solver suggested by Zha et al [14] is utilized with the WENO scheme to evaluate the inviscid fluxes. Implicit time marching method using Gauss-Seidel line relaxation is used to achieve a fast convergence rate [19] . Parallel computing is implemented to save wall clock simulation time [20] . The RANS solver is validated for CFJ static airfoil simulation [6, 9, 21, 22] .
Boundary Conditions
The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment suggested in [23] to achieve the flux conservation on the wall. Total pressure, total temperature and flow angles are specified as the inlet boundary conditions for the upstream portion of the farfield boundary and inside the injection cavity. Constant static pressure is used for the downstream portion of the farfield boundary and inside the suction cavity.
To achieve zero net mass flux with the CFJ flow control, the mass flow exiting the injection slot must be equal to the mass flow entering the suction slot. Additionally, the jet strength must be controlled in order to reach the prescribed C µ . The prescribed C µ is achieved by adjusting the injection cavity total pressure. Total temperature is assumed constant during this process. The injection and suction mass flow are matched by adjusting the suction cavity static pressure. The process is iterated throughout the simulation until the specified momentum coefficient is reached and the injection and suction mass flow match within the tolerance of 1%.
Mesh
The NACA 23121 CFJ airfoil grid (Fig. 2) is constructed using the O-mesh topology in order to achieve high quality around the airfoil. The mesh uses a total of 330 points around airfoil partitioned into 210 points on the suction surface and 120 points on the pressure surface, 180 points are placed in the direction normal to the airfoil with an additional 60 points across the jet. The total mesh size is 75,600 cells and the mesh is splitted into 14 blocks for the parallel computation. The farfield boundary is located 30 chords away from the airfoil. The first grid point is placed at y + ≈ 1 to resolve the turbulent boundary layer.
A refined grid is constructed using 50% more points in every direction and y + ≈ 0.7. The refined mesh results agree well with the original meshes.
Results
Low Moment CFJ Airfoils
The suction surface of the NACA 23121, NACA 34121 and NACA 6321 CFJ airfoils is modified to reduce or overcome the nose-down moment and the resulting aerodynamic performance and efficiency is quantified. The airfoils injection and suction slots are located at 6% and 40% chord respectively. Injection and suction slot sizes are 0.75% and 1.35% chord. Because of the large number of geometries created for this section, this study focuses on AoA = 10 • and C µ = 0.16.
The NACA 23121, NACA 34121 and NACA 6321 CFJ airfoil variations are shown in Fig. 3 . All the injection and suction cavities are the same as in Fig. 2 though are not plotted in Fig. 3 for clarity. For all the cases, variation 0 is constructed from the NACA baseline airfoil by lowering the suction surface between the injection and suction slot. The variation 1 airfoil is generated from variation 0 by decreasing the injection angle by 0. The forces, moment and power consumption for the CFJ airfoil variations are displayed from Fig. 4 to Fig.  6 . The NACA 23121 CFJ airfoil lift coefficient is decreased from 1.34 for variation 0 to 1.19 for variation 4 due to the use of increasing reflex camber. Interestingly, the drag is reduced as well because the pressure repartition of reflex airfoils features a higher back pressure that reduces the pressure drag. In addition, the slightly more horizontal injection generates more thrust. The power consumption decreases with the variation number because of the slightly lower injection pressure, however, the decrease of the power consumption and the drag are not enough to compensate for the decrease of lift, and the (L/D) c is reduced from 18.1 to 17.2. L/D is excellent for all variations and ranges between 120.0 and 121.1, a 65% increase over the baseline airfoil value. The NACA 23121 CFJ airfoil variation 1 shows that for a modest concession on the corrected aerodynamic efficiency the moment can be significantly improved. Similar conclusion are found for the NACA 6321 and NACA 34121 CFJ airfoils.
Unlike the NACA 6321 CFJ airfoil, the NACA 23121 and 34121 CFJ airfoil moments vary from negative to positive among the variations. The NACA 23121 variation 1 and NACA 34121 variation 2 airfoils achieved a neutral moment. When comparing those two low moment airfoils, there is a significant advantage in term of corrected aerodynamic efficiency for the NACA 23121 variation (( L D ) c 17.9 vs 16.5) due to the combined effects of a higher lift, a smaller drag and reduced power consumption.
CFJ Airfoil with Thrust Generation
The low drag NACA 21112 CFJ thin airfoil studied in [11] is simulated with varying AoA, C µ and injection sizes and the resulting aerodynamic performance and efficiency is quantified. The airfoils injection and suction slots are located at 4% and 40% chord respectively. The injection and suction slot sizes are 0.75% and 1.35% chord for the original injection size and 0.50% and 1.00% for the smaller injection size.
The CFJ airfoils studied for thrust generation are shown in Fig. 5 . The NACA 23112 CFJ airfoil is chosen with an injection location moved upstream to 4% chord location because this thin airfoil features a low drag and a high efficiency in the thickness trade study form [11] .
The AoA and C µ of the NACA 23112 CFJ airfoil are varied and the corresponding forces, moment and power consumption are displayed in Fig. 8 . The results are compared with the simulated baseline airfoil with no CFJ. At high AoA, unsteady simulations are conducted to capture the boundary-layer separation and turbulent mixing.
The lift is greatly enhanced by the use of CFJ even though the improvement is not as significant as with the thick NACA 23121 CFJ airfoil [11] because the lower thickness reduces the circulation. The maximum lift coefficient reaches C L max = 2.40 for C µ = 0.16, a significant improvement compared with the baseline airfoil that reaches a maximum C L max of 1.50. The CFJ airfoil stall pattern is much sharper than with the NACA 23121 CFJ airfoil ( [11] ). The CFJ airfoil drag coefficient remains negative until AoA ≈ 11 • at C µ = 0.16 with a minimum value of C D min = −0.019. The moment coefficient remains fairly flat until AoA ≈ 15 • and increases for higher AoA at C µ = 0.12 and C µ = 0.16 because of a flow separation developing at the airfoil TE at high AoA. The stall pattern is different at C µ = 0.08. The weaker jet is unable to overcome the large adverse pressure gradient at the LE and the airfoil stalls with a separation starting at the LE. The power consumption is decreased with the increasing AoA before the separation occurs. This phenomenon is confirmed by the wind tunnel testing in [24] and the simulations in [9] . The mechanism is that when the AoA increases, the LE suction is stronger and the pressure of the main flow surrounding the injection slot is lower, hence reducing the pumping power to generate the jet. When the AoA is too high however, the jet total pressure loss is increased due to the large adverse pressure gradient and flow separation. At C µ = 0.16, the corrected aerodynamic efficiency and power consumption of the CFJ airfoil reach ( The corrected aerodynamic efficiency versus C D plot shown in Fig. 10 indicates that the more thrust the airfoil generates, the lower the efficiency. The smaller injection size achieves negative drag more efficiently than the original injection size.
Conclusion
This Part II parametric study focuses on the nose-down moment and drag reduction of CFJ airfoils. In the first part of the paper, the CFJ airfoil suction surface shape is modified to reduce or overcome the nose-down moment. In the second part of the paper, the injection and suction sizes and C µ are varied to increase the CFJ airfoil thrust generation. The nose-down moment of the CFJ airfoils is reduced with the use of reflex camber while negative drag is achieved with good efficiency using a thin airfoil with a small injection size. Increasing C µ further reduces the drag but at the cost of a much higher energy consumption and reduced corrected aerodynamic efficiency. The minimum drag achieved is C D = −0.033 and the highest moment achieved is C M = 0.031. The thrust generation and low moment are desirable characteristics for a distributed propulsion system that could potentially remove the need for conventional propulsion. 
